The ability to reliably detect sentinel lymph nodes for sentinel lymph node biopsy and lymphadenectomy is important in clinical management of patients with metastatic cancers. However, the traditional sentinel lymph node mapping with visible dyes is limited by the penetration depth of light and fast clearance of the dyes. On the other hand, sentinel lymph node mapping with radionucleotide technique has intrinsically low spatial resolution and does not provide anatomic details in the sentinel lymph node mapping procedure. This work reports the development of a dual modality imaging probe with magnetic resonance and near infrared imaging capabilities for sentinel lymph node mapping using magnetic iron oxide nanoparticles (10 nm core size) conjugated with a near infrared molecule with emission at 830 nm. Accumulation of magnetic iron oxide nanoparticles in sentinel lymph nodes leads to strong T 2 weighted magnetic resonance imaging contrast that can be potentially used for preoperative localization of sentinel lymph nodes, while conjugated near infrared molecules provide optical imaging tracking of lymph nodes with a high signal to background ratio. The new magnetic nanoparticle based dual imaging probe exhibits a significant longer lymph node retention time. Near infrared signals from nanoparticle conjugated near infrared dyes last up to 60 min in sentinel lymph node compared to that of 25 min for the free near infrared dyes in a mouse model. Furthermore, axillary lymph nodes, in addition to sentinel lymph nodes, can be also visualized with this probe, given its slow clearance and sufficient sensitivity. Therefore, this new dual modality imaging probe with the tissue penetration and sensitive detection of sentinel lymph nodes can be applied for preoperative survey of lymph nodes with magnetic resonance imaging and allows intraoperative sentinel lymph node mapping using near infrared optical devices.
Introduction
Metastasis of cancer cells to lymph nodes is the one of the most important prognostic markers and a determinant predictor of recurrence and survival in cancer patients. Because sentinel lymph node (SLN) is the first lymph node to receive lymphatic drainage from a primary tumor, the ability to reliably detect SLNs and relevantly carry on SLN biopsy might avoid the unnecessary full lymphadenectomy. 1, 2 Currently, SLN detection has been applied in the clinical management of many types of solid tumors, including melanoma, head and neck cancer, breast cancer, lung cancer, gastric cancer and colorectal cancer. [3] [4] [5] For example, metastatic breast cancer has distant organ involvement and is not operatable. Therefore, SLN mapping is used to prevent local and distant recurrence for breast cancers. Although traditional SLN imaging is performed with a color (e.g. Evans blue) dye or a radiolabeled tracer in the clinical practices, there are some significant disadvantages and limitations in these methods. 6, 7 For example, organic dyes visible by the surgeon's naked eye do not have deep tissue penetration. They have poor tissue contrast and are difficult to detect deeper lymph nodes. Additionally, blue dye molecules can quickly spillover from SLNs to the subsequent distant lymph nodes, leading to a high rate of false-positive in detecting SLNs. On the other hand, radionucleotide technique has intrinsically low spatial resolution and does not provide anatomic details in the SLN mapping procedure. Furthermore, it exposes patients and health care personnel to ionizing radiation even though it is at the lowest dosage. The high activity from the radioactive tracer injected in the primary injection site can interfere with intraoperative detection of nearby nodes. 1, 8 To date, ultrasound, computed tomography, magnetic resonance imaging (MRI) and optical imaging have been investigated in the preoperative and intraoperative detection and mapping of SLNs. 3, [9] [10] [11] [12] [13] [14] [15] With exquisite soft-tissue contrast and superb spatial resolution for anatomic details, MRI is ideal for MR lymphography with novel gadolinium (Gd)-based contrast agents, that is, mapping a set of lymph nodes preoperatively. 16 The development of molecular and targeted MRI contrast agents may enable detecting the lymph nodes with metastasis in order to identify the candidates need for SLN removal. 17 With the new generation of tracers, such as near infrared (NIR) dyes with improved tissue penetration by NIR imaging, optical imaging allows for intraoperatively localizing nodes with high sensitivity, good tissue penetration and realtime data acquisition. Both modalities are playing increasing roles in the clinical management of cancer patients for mapping of SLN. However, the use of a single imaging modality alone has practical limitations in accurate and comprehensive lymphatic mapping. Because of complicated setup and cost-effective concerns, it is difficult to use MRI for real-time visualization during the procedure, while optical imaging does not typically have three-dimensional (3D) tomography capability as light only penetrates tissues within 1-2 cm. Thus, it is conceivable that dual modality MR and optical fluorescence imaging will overcome the limitations in SLN mapping.
Previously, several studies have investigated MRfluorescence imaging probes, using Gd-based MRI contrast agents linked with fluorescent and/or NIR dyes for dual-modal imaging mapping of SLN, [18] [19] [20] promoting the further development of this approach for improvement of the conventional SLN mapping. Herein, we report the development of a new class of dual modality MR and NIR imaging probe using biocompatible iron oxide nanoparticles (IONPs) conjugated with a NIR molecule with emission wavelength at 830 nm for SLN mapping. The capability of MR and optical imaging of sentinel and axillary lymph nodes was investigated in a mouse model.
Materials and methods

Synthesis of NIR dye NIR830
The NIR830 dye (Figure 1 ), containing a succinimido carboxylate functional group as an aminoreactive group, was synthesized from IR-783 in two steps in a manner described before. 21 IR-783, 4-mercaptobenzoic acid (4-MBA), N,N 0 -disuccinimidyl carbonate (DSC) and other chemicals and solvents for the synthesis were purchased from Sigma-Aldrich (St. Louis, MO). Electrospray mass spectrometry (MS) was performed on a Finningan LTQ-FT instrument (Thermo Electron). Briefly, IR-783 was allowed to react with 4-MBA in anhydrous DMF overnight at room temperature under a nitrogen atmosphere with a molar ratio of IR-783: 4-MBA ¼ 1:3. NIR830-COOH (1), which precipitated from the reaction mixture upon addition of ethanol/ether (1:20) , was separated, washed with ether and vacuum dried. NIR-830-NHS (2) was obtained by estrification of the carboxylic acid function in 1 with DSC in anhydrous DMF (NIR830-COOH: DSC ¼ 1:1.2). After the reaction mixture was stirred at room temperature for 24 h under a nitrogen atmosphere, ether was slowly added and the resulting crystalline precipitate of succinate ester 2 was filtered, washed with ether and vacuum dried. max (water) ¼ 791 nm, em (water) ¼ 810 nm. MS using probe electrosprayionization (PESI): m/z 940 (100%, M -); high-resolution MS calculated for C 49 H 54 N 3 O 10 S 3 : 940.29768, found: 940.29945. All the reactions are highly efficient and purification of all products 1 and 2 does not require chromatography.
Preparation of magnetic IONPs
Hydrophobic iron oxide nanocrystals with a core size of 10 nm were prepared by heating iron oxide powder and oleic acid in octadecene at 315 C. 22 The hydrophobic IONPs then were coated and stabilized with an antibiofouling diblock copolymer poly(ethylene oxide)-block-poly(g-methacryloxypropyl trimethoxysilane) (PEO-b-PgMPS) reported previously. 23, 24 Briefly, the nanocrystals were mixed with the newly synthesized copolymer in anhydrous tetrahydrofuran (THF). After being aged for 4 days, the mixture was added drop-wise into water with gentle magnetic stirring. THF in the solution was removed by dialysis using deionized water. The IONP solution was then purified by using a magnetic separator (Frantz laboratory) to get rid of free polymers.
Conjugation of NIR830-NHS dye to IONPs
IONPs were functionalized with amine groups on the nanoparticle surface as previously described. 23 NIR830-NHS then was conjugated on IONP with the procedure illustrated in Figure 2 (a). Briefly, 1.0 mL aqueous IONPs (1.0 mg iron [Fe]) with 10 nm core size as shown in transmission electron microscopy ( Figure 2 (b)) was added with 1.0 mL (3-aminopropyl) trimethoxysilane (APTMS) in 20 mL dimethyl sulfoxide (DMSO). The mixture was gently stirred at room temperature for 2 days. The resultant solution was purified through a PD-10 column (GE Healthcare). IONPs functionalized with amine groups were dissolved with sodium carbonate to form a 0.1 M solution with a pH of 9. NIR830-NHS (0.4 mg) dissolved in 400 mL H 2 O was added to this solution immediately. The reaction for conjugating NIR830 to IONPs was carried out for 2 h at room temperature. The resultant IONP-NIR830 product was purified using Easysep Õ magnet for three times. The final Fe concentration (1.0 mg/mL Fe) was determined by spectrophotometry. 25 The concentration of NIR830 dye in IONP-NIR830 conjugates was estimated based on a concentration curve of the standard solution determined at its absorption at 791 nm. The zeta potential, average hydrodynamic diameters and size distributions of IONPs and composited IONP-NIR830 nanoparticles were measured using a dynamic light scattering (DLS) instrument (Malvern Zeta Sizer Nano S-90) equipped with a 22 mW He-Ne laser operating at ¼ 632.8 nm.
MRI and NIR imaging contrast of IONP-NIR830
To investigate the MRI and NIR imaging properties of the IONP-NIR830 probe, the solution samples of IONP-NIR830 at different concentrations were placed in the optical and MRI compatible tubes and scanned on a 3 Tesla MRI scanner (Magneto Tim/Trio, Siemens Healthcare, German). Longitudinal and transverse relaxation times, T 1 and T 2 , of the samples were measured using the methods reported previously. 26 Spectra and NIR image data of the samples were recorded on a multispectral spectroscopic imaging unit (Maestro, CRi Inc, Woburn, MA, USA).
MRI and NIR imaging of lymph nodes in mice
Female nude mice (N ¼ 12, weight of 20-25 g, Charles River) were used in this study. Mice were acclimated for 2 weeks prior to use. An alfalfa-free rodent diet (Teklad 2918, Harlan Teklad) was used to reduce tissue autofluorescence. All experiments were performed under anesthesia using 2% isoflurane gas in oxygen. During imaging, mice were maintained in the anesthetized state. Mice were randomly assigned to two experimental groups: one group (N ¼ 6) received free NIR830 dye, while the other group (N ¼ 6) received the IONP-NIR830 probe. Imaging tracers (25 mL) were administrated into the middle phalange of either fore footpad and/or into the middle digit of the hind footpad of each animal, allowing for tracers to be immediately delivered to the lymphatic systems.
NIR imaging of animals administrated with SLN tracers were obtained using the Mastro multispectral spectroscopic imager. In all cases, optical image data were acquired using an excitation 684-729 nm band pass filter and an emission 745 nm long pass filter, respectively. The tunable filter was automatically increased in 30 nm increments from 770 to 860 nm to obtain spectroscopic data. A digital camera was used to capture images at each wavelength using a constant exposure. The consecutive NIR images were recorded once prior to the administration of the contrast agent, as well as at 5, 15, 30, 45, 60, 90 and 120 min thereafter. The camera exposure time was 90 s for the animals in the group that received the NIR830 dye and 120 s for the group injected with IONP-NIR830, given a lower extinction coefficient of IONP-NIR830.
Animal MRI experiments were carried out on the 3 Tesla MRI scanner using a wrist coil and T 2 weighted fast spin echo and gradient echo fast low angle shot (FLASH) sequences. Animals that received imaging probes were scanned before and 2 h after the injection of the probes. Scan parameters include: field of view (FOV) of 120 mm by 50 mm, matrix of 320 by 320, slice thickness of 0.6 mm with no gap, repetition time (TR) of 3600 ms and echo time (TE) of 80 ms.
Confirmation of imaging of lymph nodes in mice by blue dye staining
To stain the lymphatic vessels and the lymph nodes, each mouse received a subcutaneous injection of a total of 5 mL of 1% Evans blue dye (Kanto Chemistry KK, Tokyo, Japan) at the same sites as the administration of the contrast agent after the completion of MRI and NIR imaging. Animals were then sacrificed by exsanguination 10 min later, and the skin was removed in the area where the NIR signal had been detected to permit direct visualization of the dye. The axillary, popliteal and external iliac nodes appeared blue-stained under bright light, and their localizations were compared to those of optical and MRI mapping. For histological examination, all of the blue-stained nodes were evaluated on hematoxylin/eosin-stained tissue sections.
Image and data analysis
To determine the NIR signal changes in SLNs over the time, the signal intensity in the SLNs and background signal (autofluorescence of tissues) were measured in the regions of interest (ROIs) around the different SLN (axillary, popliteal and inguinal nodes) drawn on NIR images. The ROI size was adapted to encompass the entire lymph node. The ROIs were kept unchanged in size and position for all image sets obtained within the same examination. The signal intensity of each targeted SLN was measured three times, which were then averaged to reduce the measurement deviation of each SLN. All data were represented as mean AE standard deviation (SD) and normalized as percentage of change in signal intensity. The time-dependent signal profiles between two groups of mice were compared. The statistically significant differences between the group receiving free NIR830 and the group receiving IONP-NIR830 conjugates were assessed using the student's t-test. A p-value of less than 0.05 was taken to indicate statistical significance.
Results
MRI and NIR imaging properties of IONP-NIR830
NIR830 was successfully conjugated onto IONPs as confirmed by the absorption peak at 810 nm in the optical spectrum shown in Figure 3(a) , which presents the shift of the characteristic 790 nm absorption peak of the free dye. The successful conjugation of NIR830 to IONPs is further supported by the control experiment in which neglectable NIR signal intensity from NIR830 was observed in the absorption spectrum of purified sample of IONPs without -NH 2 groups activated, after reacted with NIR830. The conjugation of NIR830 to IONPs did not significantly change the core size of IONPs. The overall hydrodynamic size of IONP-NIR830 was 24 nm with x potential of þ2.1 mV as measured in DLS experiments. Comparison between spectra of IONP-NIR830 and free NIR830, a red shift ($20 nm) of the absorption peak is observed, possibly due to the formation of J-aggregates. 27 The absorption spectrum also reveals that an increased shoulder peak at a lower wavelength 740 nm, which is also shifted from 720 nm in its free form. Since this peak is considered to be attributed to the formation of dye aggregates, 26 in the case of nanoconstruct IONP-NIR830, the increase of the shoulder peak may be due to the conjugation of a relatively high concentration of dye molecules on the IONP surface. Based on the calibration curve obtained from free NIR830, it is estimated that the final dye concentration is Lymph nodes with increases of NIR signal intensities were indicated in arrows (white). The increased NIR signals can be seen in the lymph node drainage as indicated by the yellow arrow. SLNs visualized from NIR images were also identified after injection of Evans blue dye at the same site of the same animal (d). Images were selected from those collected 90 min after the injection. The lower signal intensity at the lymph nodes in the animal receiving NIR830 is due to faster clearance of the free small NIR dye comparing to that of high molecular weight of the IONP-NIR830 nanoconstruct.
128 mM in concentrated solution with 1.0 mg/mL Fe. Based on the concentration of IONP, we calculated that there are $320 NIR830 per particle. The optical imaging was applied to test the solution with IONP-NIR830 in both deionized water and phosphate buffered saline (PBS) with a series of dilutions. The emission intensity of IONP-NIR830 was concentration-dependent and still visible even at 1.28 mM of NIR830 and 0.05 mM of Fe as shown in Figure  3 (c). The transverse T 2 relaxation times of the IONP-NIR830 at different concentrations showed the strong T 2 shortening effect of the IONP-NIR830. Based on the concentration-dependent changes of 1/T 2 as shown in Figure 3 (b), the r 2 relaxivity of IONP-NIR830 was calculated as 166 s -1 ÁmM -1 at the field strength of 3 Tesla, similar to the IONP without NIR830 attached.
NIR imaging of mouse SLNs
Both NIR830 and IONP-NIR830 conjugates were well tolerated by all mice used in the study. No local or systemic side effects were observed. In vivo imaging, the subcutaneous administration of both free NIR and MRI-NIR tracers into the middle phalange of the one fore footpad and into the middle digit of the one hind footpad resulted in a rapid delineation of the sentinel nodes (axillary and popliteal nodes) as early as 5 min after injection. Comparison of NIR images from mice before (Figure 4(a) ) and after injection of free NIR830 (Figure 4(b) ) and IONP-NIR830 ( Figure  4(c) ) allow the identification of lymph nodes. Each lymph node appeared as an oval-shaped structure as shown in Figure 4 (b) and (c). As demonstrated on the images of one lower extremity, the sub-branch external iliac node was also seen at the site of near midline of the body (Figure 4(c) ). In addition, the drainage lymphatic vessels were visualized in all mice that received tracers as shown in Figure 4 (c). Figure 5 (a) shows a set of postcontrast optical images obtained at different times after administration of IONP-NIR830 conjugates, respectively. The IONP-NIR830 probe enabled visualization of SLN by NIR imaging with a fairly wide time window and the signal intensities of SLN changed gradually over the time as the tracers cleared from the nodes. It is noticed that the NIR signals increased in the abdominal regions in the later time points, suggesting that IONP-NIR830 nanoconstructs were slowly accumulated in the liver after draining out from the lymph nodes. Figure 5 (b) plots time-dependent changes of averaged NIR signal intensity in the SLN (N ¼ 6) after the administration of different imaging probes. Both free NIR-830 and IONP-NIR830 conjugates exhibited a signal increase from 5 to 15 min and peaks around 5-15 min in the auxiliary nodes after the injection. However, the interstitial administration of IONP-NIR830 led to a persistently plateau-like phase of peak enhancement in the lymph nodes lasting 60 min after injection, whereas free NIR830 showed a gradual decline of signals in the lymph nodes 15 min after injection. Therefore, the IONP-NIR830 conjugate has a significantly longer time window of peak enhancement in the lymph nodes compared to that of NIR830 (p < 0.05), suggesting that the lymphographic effect of IONP-NIR830 conjugates is superior to that of free NIR830. Compared with the time of sub-lymph nodes appearance, the time of sub-lymph nodes appearance in NIR830 group was significantly earlier (8.70 AE 0.91 min) than those in IONP-NIR830 group (32.57 AE 3.29 min, p < 0.05; Table 1 ).
MRI of SLN
The MR images using T 2 weighted fast spin echo and FLASH sequences reveal sentinel nodes that have taken up the IONP-NIR830 construct. Lymph nodes visualized on the NIR image ( Figure 6(a) ) exhibited signal drops in the T 2 weight MR images (Figure 6(b) and (c)) of the same animal. Comparing to the contralateral side where no IONP-NIR830 conjugates was administered, there is a significant drop in signal intensity at the areas of axillary and popliteal nodes, which showed high NIR signal in optical imaging. The MRI contrast with such signal void is typical T 2 weighted contrast effect from magnetic nanoparticles accumulated in the tissue. There is also 'bloom' effect (indicated in arrow) from the susceptibility artifact that is related to the local field inhomogeneity caused by magnetic nanoparticles at a high concentration. The areas of contrast change in SLN observed in MRI appear to be smaller than those observed in NIR images. The difference is mainly attributed to that MR images were obtained in the single slice (1 mm thick), while NIR images are the projection across the thickness of the imaging object.
Histological confirmation of image-indicated SLN
The presence of IONP-NIR830 conjugates in the SLN was further confirmed histologically by tracing the injected Evans blue dye and Prussian blue staining of nodes with IONP-NIR830. Lymph nodes exhibiting intense NIR signal in the NIR image (Figure 7(a) ) were also visualized on the Evans blue image ( Figure  7(b) ). The blue-stained nodes appeared in the same areas as the nodes showed on NIR images. Prussian blue staining of the lymph nodes collected after the imaging experiments showed the presence of the Fe in the tissue sections (Figure 7(c) ).
Discussion
The availability of lymphotropic MR-NIR dual-contrast agent reported in the current study creates new possibilities for lymphography and SLN detection and biopsy. Compared to conventional SLN mapping with blue dye or radiotracer, integration of optical imaging and MRI methods in one setting is appealing given the complementary strengths from the high soft-tissue contrast and spatial resolution of MRI and the high sensitivity and real-time data acquisition of optical imaging. 28, 29 MRI-optical imaging probes may facilitate preoperative identification of SLN metastases. 19 Several studies 18, 19 have shown that Gd-based dual modality MRI and fluorescence imaging probe can be a useful agent for SLN mapping. However, there is a potential risk of Gd leaching from interstitially injected macromolecules with the potential for side effects and unknown toxic events. 30, 31 On the other hand, in the clinical practice of SLN mapping, fast clearance of small molecule SLN tracers, such as dyes, allows limited time window for survey of multiple SLN systemically. The time of detection from tracer injection and the duration of marking are important for the detection of SLNs in practical surgery. It is ideal that the tracer reaches SLNs soon after injection and is trapped for a long time without moving to another lymph node. 32 Early studies have shown the feasibility of in vivo real-time multimodal or multicolor lymphatic imaging using different quantum dots with distinct visible-range emissions, which enabled simultaneous, but separate observation of multiple lymphatic basins in realtime. 33, 34 The new dual modality MRI and NIR imaging probe developed in this study bridges two distinctive but complementary imaging modalities for SLN mapping. In this case, MRI can provide 3D visualization of tissue at high spatial resolution appropriate for presurgical planning, while optical imaging provides real-time intraoperative imaging. In the future development of this dual imaging probe, it is possible to conjugate multiple NIR molecules with emission wavelength at different ranges on the INOPs for mapping different lymphatic basins.
The dual imaging IONP-NIR830 probe reported here uses biodegradable INOPs. The fate and toxicity of INOPs have been investigated in the applications of lymph node imaging. 35 Interstitial IONP-NIR830 probes eventually accumulate in the liver and spleen hours after completion of SLN mapping as seen in our experimental results. It is presumable that INOPs could then be degraded and metabolized as reported. 36 In the current study, NIR830 developed in our laboratory was used for optical imaging. Since several FDAapproved optical dyes, such as indocyanine green (ICG), has been used for optical imaging applications in patients, the conjugation of FDA-approved ICG with IONPs could potentially provide an alternative dual MRI-optical probe for rapid translation of this MRI-optical imaging SLN mapping approach to the clinical applications. Importantly, the IONP-NIR830 probe (10 nm core size) reported here has much longer lymph node retention time with a plateau of peak enhancement time lasting more than 60 min comparing to approximately 15 min when administering free NIR830. Our results ( Table 1) showed that IONP-NIR830 conjugates took much longer time (>33 min) to reach the second echelon node compared with NIR830. Therefore, IONP-NIR830 nanoparticles are small enough to rapidly enter into lymphatic channels but are large enough to be trapped in lymph nodes. Furthermore, IONP-NIR830 nanoparticles are more suitable for accurate and reliable mapping SLNs in most surgical procedures, providing adequate time window for preoprative and intraoperative SLN mapping with MRI and optical imaging.
Interestingly, the current interstitial lymphography experiments using free NIR830 and bifunctional IONP-NIR830 tracer not only enables visualizing the SLNs draining from the injection sites in mice footpad, but also observing the external iliac lymph nodes which are considered as the second lymph nodes in the mice inguinal chain.
Although INOPs are used typically as signal voiding T 2 contrast agent that is not ideal for directly visualizing the afferent and efferent lymphatic vessels, previous studies by dynamic MRI using USPIO or ultrasmall iron oxide particles have shown that it is a useful technique for the detection of SLNs, 14, 37 which SLNs were classified as the first lymph node(s) to show susceptibility artifacts. Recently, it has been recognized that positive contrast was obtained by using ultrashort TE imaging from magnetic nanoparticles with different core sizes and concentrations. 38 Thus, it is potentially possible that MR lymphography for SLN mapping might rely on visualization of an afferent lymphatic coursing into a lymph node following interstitial injection of IONP. Meanwhile, compared to other fluorescent T 2 -negative magnetic nanoparticles, such as fluorescent silica nanoparticles, 39, 40 the NIR imaging capability from NIR830 dye provides IONP-NIR830 a higher signal-to-background ratio and better tissue penetration for detecting SLNs in combination of 3D deep tissue imaging capability of MRI that can be done preoperatively.
Previously, a number of reports have shown that bifunctional INOPs can be used for MRI as well as the optical imaging of brain tumor. 41 However, to our knowledge, the bifunctional magnetic fluorescent nanoparticles as a single molecule have rarely been applied in SLN identification prior to this study.
Conclusions
A new class of MRI-NIR dual imaging tracer, IONP-NIR830 nanoparticle probe, has been developed for SLN mapping using magnetic INOPs conjugated with a NIR dye. IONP-NIR830 conjugates exhibit a longer plateau-like phase of peak-enhancement window and significantly longer lymph node retention time comparing to the small molecule dyes used in the conventional SLN mapping, proving a sufficient operating window for SLN mapping procedure which is crucial for reliable and accurate identification of SLNs.
In addition, this new probe is capable of not only mapping SLN but also tracing auxiliary lymph nodes. Therefore, reported dual-modal MRI-NIR imaging tracer offers good tissue penetration and sensitive detection of SLN. It can be applied for preoperative survey of lymph nodes with MRI and intraoperative SLN mapping using NIR optical devices. 
